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RADON CONTAJollllATIOlf or RESID 1M 
A CITY BUILT COJa>I.tnLy U A 
LANDSCAPE - 1M(; CREE, 
J .... 1111_ .t r r 1 9O 119 • 
Directed by. Dr. Nic 1 •• C. Cr ford, Dr . h 
• and Dr. ayne Hott_ 
Oepart.ent of Geography at.rn 
and Geology nt ItyUft ra ty 
T United Stat. Enviro ntal Prot. t a C .) 
•• tiaat •• that to 12 of U.S. • ra 
concentration. that el or • p r 11 r 
(pCi/l). A .tat .creening of nt Ity 
in an av rag r • d ntial ra, n cone nt.rat 0 of 11 
with 17 of th ha.e. at or abo • pCl/I. PA r 
routin .ani tor ng and 
-
nt nc. of r r :> 
n ain • and cav • av tra at 
or abov 0.30 rki 41 1 18 ( ) . 
owling Gr n i. a city locat n r t. of 
.outh c ntral nt city. nt. a I 
ben aubjected to v rio a nviro 
clo. ly link with t ..., 
ha. n th r urring pr of c r • 
conta.inat d cav • and call t1n<;l in 11 1 
The author ha. recorded radon de gbter coneentrat 0 
in exce.. of 5 WL. n cave. be atb 11nq Gr A 
preliminary .cr ning of r .id ntia1 redo 
Bovling Gr n re.ult in an av rag ntrat 0 0 25. 
pCi/l. of th te.t r •• ult. r. 100 pCi/1 
re record d i ho.e. t at e i.tory O[ 
fuae proble T •• r .ult •• purred ie 
addr •••• the aagnltud of r .i t1 
in Bowling Gr n .nd it. ..oc at on it r.t 
land.c.pe. 
Th inv .tigation involved r. on de 9 ter t 
ling Gr en c.vea and re.i nt al ra t nq. 
of 84 nta re cOnducted n order to 
rking av rag reaid ntial re 0 cone ntrat 
city. Tv lve other t .t. r perfo~ n 
to hav a hiatory of c cal f 
aver.g raid nti.l re n c ftC ntret 
irat flo~r •• ur nta 4.13 111, and 
.... ur nt •• verag 22.'2 pCi/l. 
buildinga wi h e hiatory of f 35.1 
r 9 9 2 .'75 
nt of t 
A • 
11. a 
it 
.1. 
II 
5'. 0 wi h t rat floora and b. _ ~t. a 
pCill r .pectiv ly. Porty-aia 
compri.ing th. le populat on 
pCI/!. 
all or c .. ded 4 
1& 
The reaulta of the investigation indieatea that. 
1. Bowling Gr n Cava aa.ett.e ve radon deug r 
eoneentrationa tar in exc as of 0.30 
2. Th averag rea dential radon concentration for 1 ft9 
Green exceeda th av rag for nt cry obta by PA. 
3. Th rcantag of houa a t at av ra 
at or above 4 pCill for t atudy ar xc 
national averag of 8 to 12 and t atat de a ra 
T author sugg ats that ina ff ei nt ata 
collected to deterain r rado cone ntrat 
Bowling Green ha.ea with a h atory of c ieal f 
are higher that for City aa a 1 •. 
x 
CHAJ>T!!R I 
1M OUCTION ABO o HYPO'l~n::SE5 
Th t purpoa a ot thh at dy ar to tex. t 
_9nltud ot th reald nt al rado pc 1_ Il 11. 
Green, Kentucky, a c ty that h a 
karat landacape and to lnv atigat.e c 
relatlon bet n radon cone ntrat on. n ldi La 
cavea beneath the city . 
RAdon 222 h a naturally 0<"'- t C 
la a product of t d ay ot rad WI. r 
of uraniWl, an el_nt that ia roc: 
nd aoil. It h atUlat t. at 8 roc: a c t ia 
averag concentration ot l.5 ot & 
carbonatea, and ah 1 a av ra O.4S, 2.2, l.l 
uran i um reapectiv ly (Andr and 1 721· Ur , 
.. ay alao found in r la iv ly hi9 co La roc: 
and 80ila containing pho.p at a d (U.S. 
Environmental Protect on A ncy, 1 6) . 
Th d cay of radon r ul a n t of ral 
radioactive ions collectiv ly to a n 
daughter. or prog ny. h n nh 1 , t 
to the t iasu ot th lunga. Sub n ay 0 c 
daughtera lodged in the lunga reau1ta i rel_ of 
particlea which CAn daaag., deatroy, or tat lung t aa 
Expoaur. to elevated lev la of ra on gaa or r 
daught.ra ia believed by .any to a 'a r a of 
dev lopi 9 lung cancer. T r a r 
incr aa I with r don cone ntrat on and of .tpoa,u~ 
ntal Proteet1 
for 7S re 
(Tabl. 1). For • 
Ag ncy (EPA) eatiaat a that 
of th ir 1ifett.8 to 0 
t nv ro 
raons . ·po.aed 
daught.ra incur a ria 
tt.ea that of people 
r lAY I 
of dev lop1 9 1 
do 
( ) of e 
til 
rhlt h gr at r than that talt n by 
packa of cigarett a per dey. 1 
by peraona expoaed t D.S 
a condition., ia atailar to 
aubjected to 20,000 cheat lI-raya 
dopted 
indoor, 
a protection 
n noccupati a1 
ata deed at , pC /1 ( .02 
r dial ction to 1 
advia d. 
r 0 
r 
a COft"""·fttr ti 
teat of 
Outdoora, rna not t ug t to p'~,a.~t 
h a1th hazard u d~lut on by t a~oapbe 
10 radon conc n ration On t ot 
accumulate to 1 vat cone ntrat a • 
auch aa hou •••• Th 9 
aoil and rock through 0 ning n floor. 
lh tiny por a in cin r bloc Ua yprov 
) 
II . clolI II.. E" ••• UOft C .r t 
10 005 »-120 
• o.oz 1)-
J 001 7- • 
• )-IJ 
- . 
01 1-' 4 • 
'febl. 1. Z.tiaetec:l rh 
throu9 
Zuv1ro ) . 
radon entry. Radon conta! at.r a1.0 
can be releae d i nto bui lding. at t ta ad. 
or other point. ot ater u. 
material. aay be .oure. ot radon. 
r •• a.e ldinq 
it be' ..... nt. 
are particula ly •• c ptible to radon nfiltrat 
ba.ement. are u.ually uilt gro nd I v 1; tore. 
a greeter .urtace area contact. t • rte. 
ba.ement. have .xpo.ad .oil or roc t u. all 
anation of radon into t 
Geographic regiona und rIa n by tertal. l.th 
uraniw. content auch a. cry.tall roc • 
pho.phate depoe t. are often .ingled out a pot 
hot.pot •. Although the cone ntrat on. 
pr 9 ny in cav. Can 
concentration. 
cont ination 
inv .t gat d . 
n outdoor art • r t al 
in ar.t ar a. • lar ly t 
Th r •• i nt. ot ling Gr n 
• 
• ubj cted to variou • nv ro ntal h t t 
linked ith h ar.t 1 nd ca t ca.,. 
built. Of particular con!: rn urrL 
probl of toxic and pot ntblly 10 v c ie 1 
1y 
a 
• 
riaing from contaainated cavea and collecting n bu ldi 9-
(CrAwford, 1984). 
Reaearch haa a that, in .. ny caa a, bul1dl 9a 
hAve a hiatory of ch .. cal f type of 
direct connection ith l cav ayat 
(Crawford, 19 4, Cra ford and at r, 1 " a • 
Gilbert, P II, Crawford, 19att, an J nao, 19 ). 
Excavation at fuae a tea aa repeat 1y rev al t a 
of conc ntrated f aa ona to aolut lly 
enl rg d crevice a in t lu.eato 
OUring January of 1987, ra ta 
were .. d 1n fourt n a parate 1 
of hich re to hIIe ad f Ot r 
d teetora re e"poaed J.n n t 
Th overall av rag r Id ntial ra n c rat 0 for 
thia preUJ!linary aurv y a 25.' ill 
radon concentrat on n t of t t 
ov r 100 1/1. 0 
levela above 4 pC1Il. 
reeorded n th baa nta of t 
A h atory of f a. r, t 
pr vioua e"cavationa y Cr ford ( 1 4) of t t 
houaea had a diacrete air-to-a r t t 
Bubaurface. 'I'h a alaralng1y i9 1 1a 
specific qu ationa r rd ng t 
r sid ntial ra on cont in t on Gr 
thes1a h n att pt to ana t 0 
TABLE 2 
Ra.u1t. of Pr.l~inary a d nt a1 Screen ftV 
ot Study Ar a 
Rank RAdon Lev 1 Locat 0 
lI>Ci/1) 
1 130 aaHiiiie1lt 
2 101 a ..... nt 
3 32 ,irat Floor 
4 24 Ba .... nt 
5 23 Baa_nt 
I> 12 Fint Floor 
7 9 Fint Floor 
8 7 'irat Floor 
9 , Firat Floor 
10 4.1 lit 
11 3.7 Firtie- rloor 
12 3 Pieat Ploor 
13 2.' Firat ,loor 
14 2.5 Ftrat Floor 
OV rall Av rav I 25.1 pC 11 
B. nt anI 5 .5 
Firat Floor anI 9.2 
Hypoth8lif One 
neath 11ng Gr n, ~ nt cky, he 
conc ntrations that are i ss of t O.lO , t 1 1 
at which ftC at It 
r corda is requir d. 
The aVlrag raid ntial ra n co c n ra 10 tor 1 
Gr en ha.ee e~c a th eatlaat a era tor o 
2.8 pCi/l, eetlaated fro. t • 19 ., A acre_l~ng a rv y. 
Hypothesis Thr .. 
Th perc ntag of 11.og G t 
xc ed tn PA warning lev 1 at 4 pCill if CJ ater 
eetaated national av ng f to 12 a t • 
K ntucky at 17 , Y PA It ., . 
HypothlOh foyr 
Th v rag ra on co ntr ti tor a 
buildings in 11ng Gr n with a h tory 0 C 
probl a a aignificantly h r tnt 
Bowling Gre n h ua a a a 01 
1 or 
ot 
1 f 
tor 
f r 
CHAnE II 
REV! 0 LI RA", 
In 1886, Fr nc aci ntla , nr1 
diacovered that t 
radiation capable 
el 
of 
t uran 
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taken into the lungs may be breathed out without any ill 
effect. However , if the gas decays while in the lung., 
there are two results . First, the radon ato emit. an 
alpha particle which may damage many tissue cella. Second, 
a later radioactive decay product, polonium 218, ia formed 
which may become lodged in the lung tissue and continue to 
decay. It has been noted that when i nhaled, radon progeny 
tend to become lodged i n the lungs whether or not they are 
attached to particulate matter, (Budnitz, 1974). 
Detection of Radon and Radon Prog ny 
A number of techniques have been developed to detect 
and measure radon gas and radon progeny. Several of these 
rely upon g ab samples - samples taken over a very short 
span of time. Others utilize pa sive collection methods to 
yield time i ntegrated measur menta for period. up to one 
year . Recently, continuous radon monitors c apab l of 
provi d i ng a d irect reading, real time measurement of radon 
(or radon progeny) concentration hav becom available. 
Units of Measure 
The quantity of radioact i ve nuclei of an element that 
decay per unit of time is referred to as the activity of 
the element. The unit of activity is called the becquerel 
(Bq) and is defined as the number of radioactive 
disintegrations that take place duri gone s condo 
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One gram of the element radium undergoes 3.6 X 10 10 
disintegrations per second which defines its activity as 
3.6 X 10 10 Bq . This activity value has been adopted as 
the unit of measure known as the curie (Ci); thus, one 
curie is e qual to 3.6 X 10 10 Sq . 
The picocurie per liter (pCi/l) and the Working Level 
(WL) are common ways of expressing the concentrat i on of 
radon gas and radon daughters concentrations respectively. 
The p icocurie is equal to one trillionth of a curie . One 
worki ng level is def i ned as any combination of radon 
daughters in one liter of air which will result in the 
ultimate emission of 1.5 X 10 10 million electron volts of 
alpha energy. 
radiation energy. 
Electron volts (eV) are a measure of 
Convers ion from pCill to WL necessitates conversion 
from concentrations of radon gas to concentrations of radon 
daughters. Such a conversion cannot be accomplished 
without establishing an equilibr i um ratio betw n r a don gas 
and radon daughters . Under 100 equilibri um the presence 
of 100 pCill of radon gas would mean tha t 1 WL of radon 
daughters is also present also . 
In reality, perfect equilibrium rarely exists betw en 
radon gas and radon progeny in the atmosphere. The EPA 
(1986) has adopted 50\ as the conversion factor. Thus, 1 
WL of radon daughters would approximate 200 pCill of radon 
gas. Unless otherwise specified, all conversions between 
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WL and pCifl in this thesis will be based on 50' 
equilibriWD. 
Scintillation 
Some materials are known to produce pulses of light 
when struck by a amall particles moving at high rates of 
s peed such as radioactive decay particles. This phenomenon 
is known as scintillation. Scintillation ia the principle 
behind the operation of lWDin.ous watch dials that were once 
so common. The lWDi nescence in watch dials resulted from 
scintillation of zinc sulfide which was mixed with a small 
amount of radium and painted onto the dial. 
Scintillation detection is the basis for many types of 
radon measurement techniquea. The 8cintillation counter 
works by converting light pulaea to electrical current. 
The weak pulses of current are aubsequently m gnified by a 
device known aa a photomultiplier tube. The magnified 
pulse can be counted with 
activity of the substance 
rate. 
Geiger Counter 
an electronic 
ia proport ion I 
counter. The 
to th count 
The geiger counter ia uaually 
comes to mind when the majority 
the only device that 
of people th i nk of 
radioactivity 
consists of 
detectors. BaSically the geiger count r 
gas-filled tube containing a wire along ita 
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central axis. An electrical potential exists betw en the 
wire and the sides of the tube. High speed particles 
entering the detector through a thin window in conjunction 
with the voltage potential re8ult in a pul8e of current. A 
counting device 
the passage of 
a8sociated with 
such as a loudspeaker is u8ed to register 
the current. Each metallic click normally 
the operation of a g iger counter 
corresponds to a particle entering the detector. 
Geiger counters are not normally sensitive to radon 
because alpha particle8 do not have the power to penetrate 
the membrane window of the detector. Although the counter 
can be fitted with a window which allows the entrance of 
alpha particle8, geiger counters are not usually employed 
for radon detection. 
Grab Sampling Technigues 
Lucas Chamber. One of the more common methods for 
detecting and measuring radon ga8 is the Lucas Chamber 
(Budnitz, 1974). In this technique, a ample of filtered 
air is collected in a m tal or glas8 chamber that is lin d 
with zinc sulfide which acts as a scintillator . Radon 
measurements are made by counting the scintillations with a 
photomultiplier linked to a counting device. 
Two 
gas 
This 
Filter Method . Another technique for m asuring radon 
is the two-filter method (Thomas and LeClare, 1910). 
method involves drawing an air sample through II tube 
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fitted with a filter at each end. The first filter serves 
to remove radon daughters from the sample. As the sample 
passes between the filters a small fraction of the radon 
gas decays, and these daughters are trapped on the second 
filter. Alpha activity on the second (ilter is counted and 
radon concentration from alpha activity. 
Kusnetz Method. The standard technique recommended 
for radon daughter measurement in mine atmospheres is 
the Kusnetz Method (Butnitz , 1974) developed by 
Kusnetz (1956). In this method, an air sample is drawn 
through a filter which traps radon daughters. After a 
prescribed time to allow radon daughters to buildup on the 
filter, alpha activity on the filter is mea ured using a 
detector/photomultiplier combination . Radon progeny 
concentration is calculated as a function of sample volume, 
measured count, decay time, and an efficiency f ctor 
specific to the counting system. Breslin (Butnitz, 1974) 
indicates that at concentrations less than 0.3 WL the 
sensitivity of the Kusnetz method degenerates due to 
statistical fluctuations in the rate measurement. 
Passive Measurement Techniques 
All the techniques described thus far require active 
collection of a grab sample and yield radon or radon 
progeny concentrations over a short time period. In many 
studies a passive measurement technique is more deS irable . 
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Also, it may be more useful to know the radon concentration 
over s few days , weeks , or months. Such detection 
techni ques may be more useful in assessing overall 
residential radon hazards than grab sampling. 
The two most common passive techniques used currently 
for longer term measurement of radon concentration in 
buildings are nuclear track detection and activated 
charcoal collection. 
radon levels from a 
method, photographic 
These two methods provide integrated 
few days up to one year. A third 
film detection, is less useful for 
measuring radon concentrations in buildings. 
Nuclear Track petectors. The nuclear track detector or 
Track Etch technique (Pleischer, Alter, Furman, Price, and 
Walker, 1972, and Alter 1981) is a passive method for 
measuring radon. This technique can be used to obtain 
average radon concentrations over time periods of up to one 
year or more . 
Nuclear track detectors work off the fact that h avily 
c ha r ged part icles such as alpha particles that strike 
certa i n plastic materials leave dam ge trails. The 
resulting damaged area can be enhanced by chemical etching 
to 
The 
produce 
number 
tracks that 
of damage 
concentration. 
Etchable tracks are 
are visible through a microscope. 
trails is proport ional to radon 
produced o nly by particles having 
energies that exceed a certain critical value 
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(Lovett,1969). Alpha particles possess the required energy 
while beta particles do not and since gamma rays are not 
part icles , they do not leave damage trails. It is this 
specificity to alpha particles that makes track detec tors 
i deal for radon . Another factor in favor of nuclear track 
detectors is that the tracks are stable; therefore, they 
can be stored for periods of time before processing and can 
also be used for long exposure periods . The detectors are 
also unaffected by humidity and by temperature nearly to 
the softening point of the detector material . 
Nuclea r track detectors may be obtained in several 
configurations. The particular configuration utilized 
depends upon the type of measurement desired (Fleischex. 
19 81). The open cup design consists of an open plast i c cu 
wi th a detector attached to the inside bottom. This 
configuration is sensitive both to activity of radon and 
radon daughters. Another configuration, the membrane cup, 
is fitted with a semi-permeable membran tha t retards 
diffusion of gases. This configuration is used to block 
the inflow of t horon, another radioactive gas much less 
common than radon, in situations when the presence of this 
ga6 may interfere with radon measurements. The filtered 
c up design is fitted with a paper filter that blocks the 
passage of radon daughters but will allow the p ssage of 
radon gas . This design is useful for m asuring the 
concentration of radon ga& alone. The bare badge is, as 
the name implies , a bare det ector mounted on a ca.rd or 
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badge. The bare badge detector is small enough to be worn 
as a personal detector. 
Activated Charcoal petectors. Another technique used for 
radon measurement is collection on activated charcoal 
followed by radon act i vity by gamma scintillation. George 
(1984) outlines the advantages of this method: 
It is simple, maintenance-free, completely 
passive and requires no transfer of sample 
and is reusable making it a low-cost and 
attractive collection-detection monitoring 
instrument for use in broad studies of 
indoor radon levels. 
In the charcoal method , activated carbon contained in a 
metal canister or permeable packet is exposed to the 
atmosphere in the area where a radon measurement ia 
desired. After a specified exposure period the container 
is sealed. Atmospheric radon gas adsorbed onto the 
charcoal is counted by measuring its gamma ray miss i on. 
The counting system u8ually consista of a sodium iodide 
(NaI) crystal acintillator detector coupled with a 
photomultiplier and a multichannel analyzer . The 
radioactivity is determined from the adsorption pe ks of 
Pb21 4 and Bi214. 
It is extremely important to seal the charcoal 
container immediately upon termination of the xposure 
period. Radon desorption from activated charcoal occurs if 
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the carbon is left open to the atmosphere. George (1984) 
found that 50\ desorpt ion occurred within 36 hours when an 
open can ister was moved from a 35pCi/1 radon atmosphere to 
one in which the radon concentration was 0.2 to 0.3 
pCi/l. If the container is sealed properly the natural 
decay rate of radon is the only limiting factor on storag 
time. 
Although charcoal detection reveals little information 
regarding short term flux in radon concentration, research 
indicates that this technique can y ield rel iable data on 
short term average radon concentrations. George (ibid) 
compared the average radon concentration in a residential 
building determined from a charcoal collec tor to the radon 
concentration as determined by a continuous monitor and 
found good agreement between the two methods. George also 
compared the average radon levels in twelve buildings 
determined through charcoal collection to those determined 
on a previous occasion with nuclear track detector s and 
found differences of les8 than 10\. He did point out that 
because the sampling periods were not concurrent, 
interpretation of the results was difficult. 
Photographic Films . A third passive technique m kes use of 
the fact that an ionizing particle or photon will affect a 
photographic film upon exposure. These films can record 
the passage of ionizing particles or photons and may be 
used to detect and measure such activity (Bueche, 1982). 
The major 
specific 
affected 
drawback 
solely to 
by gamma 
of this method 
alpha particles. 
and beta radiation . 
is 
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that it is not 
Films also are 
Photographic films 
are sensitive to light and humidity and over time are prone 
to image fading (Rock, Lovett, and Nelson, 1969). Due to 
these difficulties, photographic films are not widely 
employed as residential radon measurement devices. 
Radon and Radon Daughter Concentration. in Caves 
Studies have shown that concentrations of radon gas and 
radon daughters in cave atmospheres can be many times 
higher than concentrations found in outdoor air. 
Fryer (1936) reported up to 545 micro micro curies per 
liter of air (equivalent to pCi/t) in five Arkansas caves 
he investigated (Table 5). Fryer believ d that influent 
water carried radon into the caves from overlying soils 
possessing high radon concentrations. 
the caves he investigated exhibited 
He concluded that 
uniform bu low 
activity and attributed it to the drynes. of the cave. that 
were investigated. 
Fryer also monitored radon levels in Maye. Cave near 
Bloomington, Indiana. His study spanned a four-month 
period beginning in October of 1935. During the period, he 
collected air samples from the cave on a weekly baai.. On 
one occasion, three days after a 2.6 inch rain event, he 
recorded a radon level of 447 pCi/l. Another cave near 
Cave 
Bell· 
Trent 
TABLE 5 
Radon G •• COncentration in Arkan ••• Cav •• 
Inveatiqated by Fryer 
Locat ion 
Independence Co . , Arkan ••• 
Independence Co. , Aekan ••• 
l\ctivity 
(PCi/l) 
545 
~oo 
CuiliiDan Inaepenaence Co., Arkan ••• 307 
Bone Independence Co., Arune •• 61 
eryatal Independence Co . , ArJcan ••• 337 
Onyx Boone Co . , Ar----Un ••• 428 
Source, After Pryer (1936) 
Hote, Unit. micro, micro curl •• per litar have been 
converted to pCl/l. 
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Bloomington, Truett Cave, tested by Fryer on one occasion, 
exhibited no activity. 
Spurred by his interest in caves as potential fallout 
shelters , Reckmeyer (1962a, 1962b) conducted a study of 
radioactivity in selected Alabama caves. On three visits 
to Hughes Cave in April and May of 1962, Reckmeyer observed 
that the radiation count measured with a geiger counter 
varied from 14 to 48 counts per minute (cpm) while outside 
the cave he observed the background to be 60 cpm. He 
attributed the radiation variation within the cave to 
inwashing of nuclear fallout by spring rains. In July of 
1962, he observed, to his astonishment, that the radiation 
count 100 feet inside Tumbling Rock Cave was 148 cpm _ 
higher than the outside air background of 99 cpm. 
Reckmeyer attributed the high radiation count to the 
ability of air movement to carry and deposit contaminated 
dust in the cave. Reckmeyer further associated high 
radiation counts with wet sections of both Tumbling Rock 
and Hughes Cave. Another cave surveyed by Reckmey r, 
Hughes Junior Cave, a 60 foot dead-end passage with no air 
flow, displayed counts of only 25 and 29 cpm. 
Breisch (1968) conducted a review of literature on the 
occurrence of radioactive minerals in carbonates. He noted 
that some limestones of the Colorado Plateau have uranium 
levels of up to 1 percent (10,000 ppm); however, he 
indicated that limestones generally have low radioactivity, 
averaging about 1.3 ppm uranium. 
26 
Briesch ( i b i d ) also measured the radiation at Port Stanton 
Cave, Lincol n County, New Me x ico, using a ge i ger counter. 
He recorded the background radiation outside the cave at 
0.02 millirem/hour1 , wh ile inside the levels were s high 
as 0.12 millirem/hour (gamma radiation) and 0.05 to 0.09 
mi llirem/hour (beta radiation). Based upon these reading. 
he concluded the fol lowing (p. 88). 
1) Radioact i v ity seemed to be concentrated only 
in the deepest sections of the cave; 
2) For any 
form had 
any other 
room, no specific mineral or 
a detectably h igher activity 
rock; 
rock 
than 
3) Activity seemed less near the top of a room 
in a tight passage with no a ir flow, and; 
4 ) No gammas were detected in a gamma spectrum 
analysis of a small rock sample removed from 
the cave. 
Briesch further suggested that the activ i ty he was 
measuring was that of a radioactive gas - radon. 
Trou t (1975) used radon me asurements to study air 
movement within Cottonwood and Jurnigan caves i n New 
1. The rem (roentgen equivalent man) is a unit us d to 
measure exposure of human body tissue to radiation in terms 
of the dose of gamma rayr. which would produce the same 
biological effect. A millirem is equal to 1/1000th of 
rem . It is estimated that the average annual dose of 
radiation to humans from various ~ources is on the order of 
180 millrems. In comparison, an acute exposure 0 800 to 
2,000 rems of radiation will results in death within a few 
hours or days. 
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Mexico. 
was 25 
pCi/l. 
The average radon level recorded in Jurni gan cave 
pCi/l compared with the outdoor background of 0 . 15 
50 pCi/l. 
Afternoon 
Trout 
samples in Jurnigan Cave averaged about 
noted that from morning to eveni ng the 
outside temperature generally increased but the relat i ve 
humidity and barometric pressure usually dropped . He 
suggested that change in barometric pressure may be t he 
reason that evening samples averaged about three times 
higher than morning samples. 
In Cottonwood Cave, Trout observed that radon 
concentration 
cave. He 
increa sed 
felt that 
with increasing distanc e i nto the 
this finding strongly supported his 
hypothesis that the cave had only one entrance. 
Beckman and Rapp (1976) presented the findings of 
winter and summer surveys of radon occurrence in Carlsbad 
Caverns, New Mexico . The survey involved measurement of 
radon and thoron daughters by the Kusnetz M thod and a 
method developed by the U. S. Public Health Service. 
Average values for the various sections of Carlsbad varied 
from 0.1 4 WL to 0.37 WL. Two other nearby caves, New Cave 
and Spider Cave, yielded averag radon daught r 
concentrations of 0.23 WL and 0.37 WL respectively. 
Wilkening and Watkins (1976) found that during the 
summer , radon levels in Carlsbad Cavern average 49 pCi/l. 
They indicated that 
January/February average 
the seasonal variation 
this was about thr e tImes the 
of 15 pCi/l, nd concluded that 
was due to temperature induced air 
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exchange be t ween the cave and outside air. The two 
researchers developed a model that predicted radon levels 
in the caves during any given season of the year . 
Yarbrough (1 976a) summarized the events which led to a 
survey of radon levels in all caves managed by the National 
Park Service (NPS). He indicated that based upon 
independently gathered data, the NPS had initiated a 
program of rout i ne mon itoring of radon in all NPS caves and 
began to maintain health records of workers in Carlsbad 
Caverns. 
Yarbrough (1976b) 
radon levels i n NPS 
indicated that radon 
presented the results of a survey of 
administered caves. The survey data 
levels in NPS caves experience daily 
anti seasonal fluctuation. Yarbrough attributed the 
fluctuation to vari ations in air flow patterns within the 
cavE:ts. 
Yarbrough and Ahlstrand (1976) presented two general 
models to e xplai n observed daily and seasona l fl uctuations 
in radon levels in caves (Figure 2). They called the two 
models the up-side-down configuration (USO), and the 
right-side-up configuration (RSU) . In both models radon 
levels are hi gher in the Bummer months than the winter. 
In the USO cave, air flow tends to be out of the cave 
during the summer months . The cooler and therefore denser 
cave air tends to spill out of tne cave, thereby flushing 
out radon and preventing influx of outside air. In winter, 
since the outside temperature is gen rally lower than the 
En trance 
l'SD CAVE HODEL 
~Entr.nc. 
RSU CAVE MODEL 
Fiqure 2. Up-aide-Down (USO) and 
Cave Modela. Source. 
Ahlatrand (1976). 
Right-Side-UP (RSU) 
After Yarbrough and 
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temperature of the cave air, a reverse pattern of air flow 
occurs. Outside air moves into the cave and, through 
dilution , lowers radon levels. 
In RSU caves, since all entrances are higher than the 
body of the cave, air flow stagnates in the summer. As a 
result, radon levels increase. In winter, the colder and 
denser outside air settles into the cave thereby diluting 
radon concentrations. 
Yarbrough and Ahlstrand (ibid) also suggested 
radon levels in caves can exhibit significant 
that 
daily 
fluctuat ions during the transitional seasons of spring and 
fall. The reason for these sh.ort term fluctuations is that 
during spring and autumn, daily temperatures can vary 
greatly. Consequently, airflow patterns in both types of 
caves may change through the course of a day resulting in 
changes in radon concentrations within the caves. 
Yarbrough and Ahlstrand (1977) gave a preliminary 
report on the alpha radiation monitoring program in cave. 
administered by the NPS . The preliminary survey confirmed 
that radon levels were a problem in many of the caves and 
as a result rigorous mon i tori ng and limitation of worker 
time spent i n the NPS caves was n cessary (Table 6). 
Mammoth, Crystal, and Great Onyx caves, all in Kentucky , 
exhibited some of the highest average radon levels of all 
the caves mon i tored by the NPS. In Mammoth Cave the 
maximum concentration of radon daughters was reported to be 
1 . 24 WL . The minimum concentration was 0.39 WL, and the 
TABLE 6 
summarr ot Radon Daughter Concentration. in CAv •• 
Admin at.red by the National Park Service (HPS) 
CAVl! MAXIMUM MINIMUM AVEIlACI (WL) (WL) (WL) 
T lmpanoqo cave, utili 0.02 0= 0.01 
Le~n Cavecs}, Nevaa. 0." 0.10 
-= 
Wind Cave, South Dakota 0.19 u.u, 0.12 
Jewel Cave, South Dakota 0.28 o-:-U 0.21 
Cry.tal cav., sequOIa NP 0 . 22 0= 0 . 07 
Marble Cava, ~aquoia NP O.Ul u.Ol O:-or 
oregon Cave,_), Oregon 0.35 0.02 0.15 
Vir.nUn. Lava TuDe, CA 0.13 0= 0.07 
Hot Spring8, Arx.a.n ••• O.OJ o.oor ~o-. 007> 
Central Hot Water 
Re •• rvolr 
1.15 0.53 0.76 
Seded Spring , 
when opened 
13.37 0.001 
---
Round Spr. Cave, KO 0.60 0.003 0.29 
Carr.caa cavern., NK 1.03 D.O. 0.27 
New Cave, N" 0.4U 0:TT 0.26 
Karrmoth Cav. , Kentucky 1.2. 0.39 0:iT 
Cry.tal cava, ~.ntuCky 1.49 0.83 1.12 
Gr.at Onyx Cava, Al 1.22 o:OS- 1.00 
Source I Yarbrough and Ahlatrand (1977). 
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overall average was 0.73 WL. In Crystal and Great Onyx 
caves the maximum, minimum, and average working levels were 
1.49, 0.83, 1.12 , and 1.22, 0.68, and 1.00 respectively. 
Yarbrough and Ahlstrand pointed out that EPA and OSHA 
require weekly monitoring of radon concentrations and 
maintenance of exposure records of all personnel working in 
environments possessing 0.30 WL or greater of radon 
daughters and that this approach is followed by the NPS. 
All three Kentucky caves fell within this category. 
Carson (1981), who has performed over 20,000 radon 
daughter measurements in Mammoth Cave, indicates that radon 
levels in the monitored portions of the cave consistently 
exceed the 0.30 WL mark. 
Ahlstrand 
influences the 
(1980) 
radon 
found 
level 
that barometric pressure 
in New Cave (New Mexico) more 
than does temperature. During two years of investigation, 
yearly average radon levels were found to be 0.23 +/_ 0 . 05 
WL and 0 .22 +/- 0.04 WL respectively. Ahlstrand noted that 
airflow in the cave did not vary significantly throughout 
the year, but barometric pressure did and therefore might 
influence radon levels. 
Swank (1977) 
concentrations as 
reported 
high as 4 
that 
WLs had 
radon daughter 
been observed in 
Horsethief Cave, Wyoming. Kobal, Skofljanec, and Zavrtanik 
(1978) found average radon concentrations of 1.50 kBq/m3 
(41 pCi/l) and 0.22 kBq/m3 (6 pCi/l) for Postojna and 
Skocjan caves in Yugoslavia. The largest and most 
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frequently visited commercial cave in Italy , Grotta Grande 
del Vento, was reported by Cigna and Clemente (1981) to 
have an average radon concentrat ion of 14 - 20 pCi/l and an 
average radon daughter concentration of 0.08 - 0.15 WI.. 
Radon concentrations in Castlegard Cave, in the Columbia 
icefields of Alberta, were found to range from 1 to 10 
pCi/l (Atkinson, Smart, and Wigley, 1983). Measurements in 
Petronalona Cave in Greece indicated dramatic variation in 
the radon level wi thin the cave, from 5 pCi/l to 2,380 
pCi/l (Papastefanou, Manolopoulou , Savvides , and 
Charalambous, 1986). 
Radon i n pwellings 
Rundo, Karkun, and Plondke (1978) reported high 
concentrations of the radioactive gas in some homes in the 
Chi cago, Illinois, area. The investigators suggested that 
the h igh concentration s were not related to excessive 
radioactivity in building materials or uran ium tailings i n 
the foundations. A reading of 26 pCi /l of radon i n one 
house spurred the investigators to sample additional houses 
having unpaved crawlspaces. Of 22 houses surveyed, 9 
displayed radon levels of 5 pCi/l or more, while 6 of the 
22 y ielded concentrations of 10 pCi/l or more. Th lowest 
value , 0 . 3 pCi/l , was recorded in a brick veneer house. 
The effect of phosphate deposits on resid nt ial radon 
concentrations was reported by Guimond, Ellett, Fitzgerald, 
Windham, 
in excess 
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and Cuny (1979). Radon daughter concentrations 
of 0.03 WL (6 pCifl) ~ere recorded in 15 of the 
Florida homes tested. 
Stranden, Berti g, and Ugletveit (1979) presented the 
results of a study of the effects of construction material 
on radon concentration in Norwegian homes . Wooden outer _ 
walled structures averaged 1.3 pCifl, concrete structures 
averaged 2.0 pCif l , and clay brick buildings averaged 
1.0 pCifl. The overall average radon concentration was 1.4 
pCifl. In a continuation of the study, Stranden (1980) 
recorded residential radon levels up to 6 pCifl, and 
concludod that residential radon concentrations may have 
increased in Norway because of lower ventilation reSUlting 
from more efficient i nsulation of buildings . 
Hess, W iffenbach, and Norton (1982) reported the 
findings of a study involving 100 houses located in the 
state of Maine. The investigative technique involved 
placing a nuclear track detector in a bedroom, bathroom, 
kitchen , 1 ivingroom , and basement of each house ~nder 
investigation. The exposure period ran from October, 1980, 
until May of 1981. The radon concentration in each house's 
water supply was also determined at the tim of mplacement 
of the nuclear track detectors. Average radon levels of 
3.0 pCifl for bedrooms, 3.4 pCifl for bathrooms, 3.1 pCifl 
for kitchens and livingrooms, and 6.4 pCifl in basements 
were recorded. Continuous radon monitors were placed in 18 
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at the houses in the study. The researchers indicated that 
intermittent periods of higher radon concentrations could 
be correlated with periods of water use in homes with high 
concentrations of radon in their water supplies. 
Gesell (1983) presented the findings of six European 
and Canadian studies of residential radon contamination. 
Collectively the average radon level ranged from 0.4 to 4.9 
pCifl . For a Canadian study of 10,000 dwellings, Gesell 
reported the geometric mean to range from 0.14 pCifl in 
Vancouver, British Columbia, to 0.88 pCifl for St Lawrence, 
Newfoundland . He cautioned the acceptance of the results 
of the 10,000 house study however, since it involved only 
one grab sample in each house and was conducted in the 
Slli~er months, a time during which ventillation would be 
expected to be at a maximum. 
Cohen (1986) conducted a nation-wide survey of radon in 
the homes 
42 states 
made with 
of 453 physics professors in 101 universities in 
a nd the District of Columbia. Measure nts re 
nuclear track detectors with an exposure period 
of one year . He reported a lognormal distribution of radon 
levels with a geometric mean concentration of 1 . 03 pCifl 
compared with an arithmetic mean of 1.47 pCifl. Cohen 
fou nd that correlations with various fac tors such as age, 
location of the detector, number of floors, and what was 
beneath the house were much w aker than expect d, and 
suggested that geographic location might be th dominant 
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factor i n radon concentration. The highest of 453 readings 
was reported to be 15.1 pCi/l. He contrasted this to an 
earlier study (Cohen, 1985) in which 3 of 169 Pittsburgh 
homes surveyed possessed radon levels above 23 pCi/l and i n 
which the overall average was 2.3 pCi/l. 
In a 1979 study conducted through the University of 
North Carolina, radon concentrations were measured in 
houses built over phosphate deposits in eastern North 
Carolina, in the North Carolina State Office buildings, and 
in various caverns across the state (watson, 1986). In the 
state office buildings radon levels were reported to be 3 
and 4 pCi/l, while houses built over phosphate deposits 
exhibited an aver age radon level of less than 1 pCi/l. In 
tne spring of 1986, nuclear track detectors were placed in 
various homes 1n areas of North Carolina which were thought 
to have a potential for elevated radon levels. Houses w re 
selected in areas ha v ing phosphate deposits i ,n eastern 
North Caro lina, and in two areas of the state underlain by 
granitic bedroc k . The average radon concentrations for the 
three areas were 0.51, 3.82, and 3.21 pCi/l respectively. 
The overall range was 0 .16 to 13.75 pCi/l of radon. Watson 
reported that no correlation was found betw en th radon 
lev 1 in water supplies and in houses . 
The results of a study of the seasonal variations of 
indoor radon i n Butte, Monta na was presented by Hans 
(1986) . In total, the data base consiated of 112,000 radon 
measurements, 11,000 of which were u sed in preparation of 
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TABLE 8 
TEN HIGHEST RADON MEASUREMENTS IN 
THE 1986- 87 EPA TEN STATE SCREENING 
Radon Leve l State 
(pCi /l) 
180 Alabama 
162 Michigan 
142 Wisconsi.n 
100 Tennessee 
94 Alabama 
84 Wiscons i n 
83 Wisconsin 
81 Colorada 
81 Connecticut 
81 Wyoming 
Source. U. S. Environmental Protection 
Agency (1987). 
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the final report. The study involved 68 houses which were 
divided into three groups based upon the frequency of radon 
measurement in each. Hans found that radon concentrations 
tended to be 
he suggested 
lower during the warmer months, a phenomenon 
was largely due to increased ventilation . He 
ma i ntained that elevated radon concentrations during the 
colder months were due to a combination of decreased 
ventilation and elevated concentrations of radon in soil 
gas caused by ground freezing and snow cover. 
Fleischer (1986) indicated in the Reading Prong region 
of the eastern United States has an abundance of homes wi th 
high radon concentrations, and cited as an example, one 
house was reported to have 16 WL of radon daughters. 
Th~ EPA has estimated that as great at 12 of U.S. 
homes have radon concentrations that exceed 4 pCill 
(Watson, ibid). To help stat s in conducting radon surveys, 
the EPA established a rado~ screening program. The results 
of the initia l program were releaae in 1987 (EPA, 1987). 
The study involved nearly 10,000 homes in 10 states 
(Tables 7 and 8). Based on the results of the initial 
study, 
have an 
exceeds 
EPA estimated that between 8\ and 12 of U.S . homes 
average annual radon concentration that equals or 
4 pCi/l. Of the 10 states surveyed, Colorado had 
the highest average residential radon concentration at 4.6 
pCil1 and the greatest percentage of homes in which the 
average radon concentration, at 39\, equalled or exceeded 4 
pCil1. 
40 
Kentucky was included in the EPA-sponsored state 
surveys. The overall average residential radon 
concentration in Kentucky was 2.8 pCill, with 17' of the 
homes tested equalled or exceeded 4 pCi/l. Three of the 
six highest test results for the state were recorded in 
Warren County (Pigure 3). Moreover, 60 of the 25 Warren 
County homes tested displayed radon concentrations at or 
above the EPA warning level of 4 pCill (Table 9). 
In 1988, EPA released the results of a continuation of 
the radon screening survey (EPA, 1988). The expanded 
survey involved an additional 11,000 testa in aeven states 
(Table 10). Of the seven states surveyed, North Dakota 
displayed both the highest average residential radon 
concentration at 7.0 pCill and the greatest percentage of 
houses testing above 4 pCl/l at 63'. Pive of the 11,000 
screening measurements exceeded 100 pCill (Table 11). 
Karst 
Jennings (1971, p.1) describes karst as, " a terrain 
with distinctive characteristics of relief and drainage 
arising primarily from a high L degre of rock solubility 
in natural waters than found elsewhere . " Although most 
commonly developed i n limestone, White (1976) indicates 
that karst features may develop in dolomite, gypsum, chalk, 
halite, and even in clastic and igneous rock. Rock 
susceptible to solutioning is located at or near the 
FiCJUre 3. 
TEN HIGHEST RADON 
MEASUREMENTS IN KENTUCKY 
THREE HOMES IN WARREN COUNTY WERE IN THE SIX 
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68 
32 
31 
2i 
28 
27 
25 
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Warran 
Hert 
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Bullltt 
Curnb«land 
These single measuraments 
may not be representative of all 
houses in the .. countie • . 
The ten hi9he.t r .don .... ur ... nt. recorded 
in Xentucky durin9 the EPA .pan.ored 
8creenin9 conducted in 1986 .nd 1987. 
TABLE 9 
Results of EPA Sponsored Residential 
Radon Screening of 
Warren County, ~entucky 
Rank Radon Conc Rank Radon Conc (pCi/l) (pCi/l) 
1 31. 7 13 5 . 4 
2 28.3 14 5.1 
3 16.7 15 5.0 
4 14.6 16 4 .0 
5 1l.9 17 3.9 
6 9.5 18 3.6 
7 9 . 4 19 2. 8 
8 8.4 20 2.5 
9 7.0 21 0.9 
10 5 . 8 22 0 . 7 
II 5 . 6 23 0 .7 
12 5.5 24 0.5 
25 0.3 
Source, (pers. comm.) Kentucky Department 
for Environmental Protecti on, 
Radiation Control Branch. 
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TABLE 11 
TEN HIGHEST RADON MEASUREMENTS 
IN THE 1988 EPA SEVEN STATE SCREENING 
Rank Radon Level State (pCi/l) 
1 184 North Dakota 
2 134 North Dakota 
3 127 North Dakota 
4 114 Pennsylvania 
5 106 Pennsylvania 
6 86 North Dakota 
7 80 Pennsylvania 
8 78 North Dakota 
9 72 Indiana 
10 70 Kinnesota 
Source. U. S. Environmental Protection 
Agency (1988). 
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land surface over approx imately 15' of the conterminous 
United States (Figure 4 ). 
The Process of Solutioninq of Roc k in Karst Development 
The process of solutioning is central to development of 
karst terrains, and largely responsible for development of 
karst feature s ranging from minor 
large, complex cave systems and 
dra inage networks. 
solution sculpture to 
integrated subsurface 
Many rocks are soluble to Some degree in acidic solutions. 
Limestone and other carbonate rocks are particularly 
susceptible to sOlutioni ng. In the natural environment, 
the acid necessary for solutioning to OCCur moSt often 
begins with the addition of atmospheric carbon dioxide 
(C02 ) to meteor i c water whic h results in a weak carbonic 
acid solution. This acidity is i ncreased by addition of 
greater amounts of CO2 in the soil due to th much 
greater concentrations (10 to 100 times greater ) of carbon 
dioxi de i n the soil atmosphere (Atkinson and Smi th, 1976). 
Cave Development 
A number of diverse models for the origin of c aves have 
been proposed. Many early workers sought general models 
that could be applied to a l l types of cave developm nt. 
Their models differ primarily in the proximity 
Piqur. 4 . 
• 
Ca rbona l e e 
1 . 
D Oth r SoJ ubl J . DC 
Diatribution of karat ar.aa 
c arbonat. a nd oth.r aolubl. 
the land aurface. Source. 
LeGrand (1972) . 
and ar.aa of 
rock at or near 
Davie. and 
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to the phreatic, or saturated, zone where the majority of 
cavern development occurs. More recent speleogenic models 
str ss the importance of site specific factors as 
influencing cavern development. 
Cvijic (1893) proposed that caves form deep below the 
water table due to circulation of groundwater through 
jOints, fissures, and bedding planes. 
Davis (1930) likewise believed that caves are for.ed 
deep within the phreatic zone and formulated a speleogenic 
model 
develop 
of the 
which described the process. He proposed that caves 
deep below the water table during the old age stage 
geographic cycle and are later uplifted above the 
table during the rejuvenation stage of landscape water 
d velopm nt. 
Br tz (1942) added a third stage to the Davis model in 
which v ry slow moving water facilitates sediment 
d position in SOluLion opening8 prior to the rejuvenation 
8tag . 
Swlnn rton (1932) set forth a sharply different model 
for cav n d v lop nt than the Davia model. Swinnerton 
b liev d that sionificant solutional act ivity does not 
occur blow Ln w t r tab1 because of insufficient 
circulation of wa er in that region of the saturated zone. 
H maintain d that th majority of groundwater movement 
Occurs t, or jus b low, the water table and that 
consequ ntly, this zon is wh r the majority of solutional 
activity OCcur •. 
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Martel (1921) off red a nonphr atic mod 1 for cavern 
development in which c av 8 originate in the vadose zone . 
The Martel model also attribuLed corro.ion a larger role i n 
the karst developm nt proc ss than mod 1. proposed by 
others. 
Ford (1965 and 1971), i. r pres ntativ of more recent 
ideas on cave developm nt, in that he maintains that none 
of the classic modele can be accepted ae applicable in all 
situations. Instead, h mphaeiz s the hydrogeologic 
setting of each particular s y s m as the central dominant 
factor controlling cave de velopm nt. 
Karst Hvdrogeology 
Conceptually, the nature of groundwater flow 1n karat 
aquifers 
totally 
ranges from totally diffuse (slow laminar flow ) to 
discrete (conduit flow) (White, 1976). Smi th, 
Atkinson, and Drew :1976) v i sualize karst groundwater flow 
as a ser ies of transfers and storages for varying lengths 
of time depend ing on the nature of the system (Figure 5). 
The primary porosities and perma bilities of limeeton 
is generally very low rarely exceeding two percent (Smith 
Atkinson, and Drew, ibid). However, solutional activity 
concentrated along jOints, faults, and bedding pIanos can 
result in exceedingly high secondary perm abilities (Smith, 
Atkinson, and Drew, 1976). 
During karst development, as the dissolution of the 
bedrock increases, the ability of th subsurface to capture 
AT .. O ....... C 
~ WATE" _ClPlTATlON 
, 
'--
EVAPOT"4~"ATI()tII 
SOlI. WA TEll 
l 
_'ACE 
STll[ .... GI!OtAmWA TEll 
j 
SWAUnW 
'lOW .. CAVES 
EVA_ATlON 
i 
IMNQ.I 
.. -AND 
LAJ(U 
t 
THE IU 
o T' .... f. ' f , .t., ... 
Figure 5. Flowchart of the hydroloQic cycle for 
carbonate aguifera. Source. Smith, 
Atkin.on, and Drew (1976). 
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and transmit surface water is increased. The increased 
volume of captured water leads to greater solutional 
activity. Finally, the subsurface drainage system develops 
to the point that it is capable of capturing and 
transmitting virtually all surface runoff except that which 
occurs during times of exceedingly high runoff resulting 
from intense or prolonged storm events. As a result, a 
well developed karst landscape is often marked by numerous 
sinkholes, caves, and losing or sinking streams. Generally 
surface drainage is lacking except for major streams . 
Lesser surface streams are usually ephemeral or 
intermittent and often terminate where the stream flows to 
the subsurface through a swallow hole or into the mouth of 
a cave. Some streams may just seem to dwindle to nothing 
as water is gradually pirated to the subsurface by 
infiltration through the stream bed or through small 
solutional openings without sufficient capacity to capture 
the entire flow of the stream. Thus, it is not uncommon in 
karst regions to hear the story of th canoeist who ran out 
of stream. 
Closed topographic depressions known as sinkholes or 
dolines are the dominant features of many karat terraines 
and are regarded by Sweeting (1972) as the primary feature 
of karst relief (Figures 6 and 7). Sinkholes function to 
capture surface runoff and channel it to the subsurface. 
In this respect the closed depression might be equated to 
the drainage basin of nonkarst regions (Gun, 1981). Th 
Figure 6. 
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Sinkhole cla.sification as given by 
Jennings. Source. After Jennings (1971). 
~Ullon dol.,. 
CaliPH d '" 
'OC:l CW.nytng liMe.tone 
_11OIu __ .... nco~1 
Figure 7. Sinkhole classification a. given by 
Sweeting. SourcD' After Sweeting (1973). 
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movement of water from the sinkhole to the subsurface 
varies depending upon the type of sinkhole and whether the 
depression has a soil mantle which retards the flow of 
water to the subsurface. 
The Subcutaneous Zone 
Williams (19B3) stresses that the zone of weathered 
rock near the soil to bedrock interface that he terms the 
subcutaneous zone, is an important area of water storage 
and movement in karst regions . In karst landscapes which 
have a soil mantle (covered karst), the majority of 
weathering OCcurs at the interface between th soil and 
bedrock. Such solutional activity i8 greatest along j s 
and bedding planes in the rock . As the agressivity of 
downward moving water to calcium carbonate is diminished, 
the amount of solutional activity decreases. Consequently, 
the amount of solutional enlargement and permeability 
ecreases with depth (figure B) . Thus, the subcutan ous 
zone is characterized by high secondary perm bility that 
decreases sharply with depth and a marked lateral component 
of flow that i8 punctuated by downward flow along master 
joints and fractures. 
The subcutaneous zone may act as an important zone of 
storage in the karst aquifer and may feed the permanently 
saturated zone, con r~buting greatly to the maintenance of 
base-flow conditions. Communication with the permanently 
saturated zone occurs through joints and fractures in th 
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Figure 8 . Schematic diagram depicting relationship 
between availability of carbon dioxide 1n 
the soil and the rate of limestone .olut~on 
with depth. Sou.rcel After Wil liam., 1983 . 
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rock rang i ng from hairline cracks to openings that have 
undergone considerable solutional enlargement. These 
larger openings are thought to be the primary avenues of 
vertical flow and are often referred to as master joints 
and fractures. The vertical component of flow in the 
subcutaneous zone becomes increasingly dominant as the 
permeability of the vadose zone increases. 
Environmental Hazards 1n Karst Regions 
Karst processes and the nature of karst landscapes pose 
unique environmental hazards to the residents of such 
regions. The princ i pal hazards associated with karst 
regions are: 1) sinkhole col lapse, 2) sinkhole floodir 
and 3) kars t groundwater contamination and related 
problems . 
Sinkhole Collapse 
Sinkhole collapse is an ever pres nt hazard t o 
The problems that may be residents of certain karst areas. 
associated with catastrophic collapse or s ubsidence of the 
land surface are fairly obvious. For example, N wton 
(1976) i ndicates that i n Alabama, sinkhole collapse has 
proven costly owing to their occurrence beneath highways, 
streets, railroads, buildings, and ev n animals and 
people. 
Unfortunately, 
surface drainage 
human activities, such as alteration of 
nd drawdown of watertableB through 
overpumping, are thought to 
contributing to sinkhole collapse. 
that from 1900 to 1976, over 
occurred in Alabama which can 
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be principal factors 
Newton (ibid) estimates 
4,000 sinkhole collapses 
be attributed to human 
activitios compared to approximately 50 naturally occuring 
collapse features. 
In Bowling Green, Kentucky, Crawford and Groves (1984 ) 
have documented over forty sinkhole collapses attributable 
to such human activities as alteration of surface drainage 
patterns and improper drainage well construction . 
Sinkhole Flooding 
Flooding in 
During intense 
karst areas is a natural 
or prolonged storm events 
phenomenon . 
or due to 
constriction or blockage, the subsurface system sometimes 
cannot accept all storm water runoff. The result is an 
overload of the subsurface system that must be compensated 
for by temporary storage of water on the surface (Crawford 
1981a and 1981b). 
Urban development often alters the natural flow system 
by creating 
filling many 
of surface 
large expanses of impervious aurfaces and by 
sinkholes. The outcome ia increased amounts 
runoff and decreased avenues for th additional 
water to reach the aubsurface. Conaequently, sinkhole 
flooding problems are increased in urban a.reas. 
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Groundwater Contamination and Chemical fumes 
Karst aquifers are extremely vulnerable to 
contamination because: 1) the speed with which water 
enters and 
filtration 
moves through the aquifer and 2) the lack of 
of downward moving water by overlying soils. 
Atkinson (1971) suggests that while percolation input to 
the karst aquifer may comprise 60 to 100 of the total 
input, much in the form of vadose trickles. Such trickles 
and streams flowing through the vadose zone undergo little 
filtration by the soil. 
Crawford (1984) has shown that chemicals entering cave 
streams may present hazards other than groundwater 
contamination to residents of sinkhole plains. He 
indicates that Bowling Green, Kentu~ky, a city underlain by 
an extensive karst groundwater flow system has recurring 
problems with chemical fumes entering homes and other 
buildings. Crawfora hypothesizes that chemicals from 
sources such as spills and leaking underground storage 
tanks , entering cave streams may volatilize and rise 
through solutionally enlarged openings in the overlying 
bedrock and enter buildings on the surface. 
A technique developed by Crawford which has proved to 
be very effective in mitigating chemical fume probl ms in 
buildings is subsurface venting (Stround, Gilbert, Powell, 
Crawford, Ri gatt i , and Johnson, 1986) . This technique 
inVOlves excavating near the affected building and finding 
a crevice in the bedrock from which fumes are thought to be 
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rising (Figure 9). Installation of a vent and explosion 
proof f an over such crevices has alleviated fume problems 
i n every case in Bowling Green where it has been tried . 
Figure 9. Chemical Pume Ventilat i on Sys t m i nstalled 
at a Bowling Green elementary 8chool . 
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CHAPTER III 
STUDY AREA 
Bowling Green is the principal city of south-central 
Ke ntucky (Figure 10). The city currently occupies an area 
of more than 28.8 square miles and supports a growing 
population in excess of 40,000 (U.S. Census, 1980; and 
General Statistics , 1982). 
Regional Physiography and Geology 
Bowling Green lies completely within the physiographic 
region classified by Sauer (1927) as the Pennyroyal Plain 
(Figure 11). This region is a classic example of karst 
development. The Pennyroyal Plain is a gently rolling 
landscape of low relief with a few residual hills near its 
northern boundary, the Dripping Springs Escarpment. The 
most prominent feature of much of the Pennyroyal Plain is 
the countless, topographic depressions known as sinkholes. 
Due to predominance of sinkholes, the region is often 
referred to simply as the Sinkhole Plain. 
Geologically , the Pennyroyal Plain is part of a larger 
region composed of low plateaus underlain by Hississippian 
age bedrock, predominantly limes ones (Figure 12). The 
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structural and lithologic pattern of the strata underl ying 
the region has resulted in a roughly concentric pattern of 
cuestas (Dilamarter, 1982). 
The Pennyroyal Plain lies at the southeastern margin of 
t he Illinois Basin. Regional dip is to the northwest and 
generally averages 1/2 to 1 degree . However, there can be 
considerable local variation i n degree and direction of 
dip . 
Local Geology 
The study area is underlain by a thick sequence of 
Mississippian carbonates. In stratigraphic order the 
formations which outcrop in the area are the St. Louis, 
Ste. Genevieve, and Girkin Formations (ShaW8, 1963a,and 
1963b) (Figure 13). 
The St. 
to coarsely 
medi um bedded. 
Louis Limestone is a light to dark grey, fine 
crystalline 11m stone which may be thin to 
The 
limestone 
thin to 
stringers 
the base . 
Ste. Genevieve Formation is a dar k grey to white 
that is predominantly oolitic in nature . This 
thick bedded limestone may cOntain beds and 
of chert which are particularly plentiful near 
Two major chert zones occur near the boundary between 
the Ste. Genevieve 
roles in influencing 
within the study area. 
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The Lost River Chert (Elrod, 1899) appears as lenses 
and stringers of chert in a white micrite host rock that is 
thickly bedded and averages 10 to 20 feet (3 to 6 meters) 
in thickness. Although the rock may be pure white, it 
weathers to a reddish brown and it may have s black coating 
in caves. The chert is easily recognizable because of its 
blocky appearance and the abundance of fossils, especially 
bryozoans. 
About 15 to 20 feet (4.6 to 6 meters) below the Lost 
River Chert lies the Corydon Member of the St. Louis 
Limestone (Woodson, 1981), informally known as the "Ball 
Chert." The Corydon is a nodular chert that occurs in a 20 
to 40 foot (6 to 12 meter) thick layer. 
The contact between the St. Louis and Ste . Genevieve 
Fon.ations has long been a subject of considerable debate. 
The break between the two formations has been drawn bas d 
on at least six varying criteria (Pohl, ibid). The 
Kentucky Geological Survey (KGS) places the contact at the 
bottom of the Lost River Chert bed. During geologic 
mapping of the study area, the Lost River Chert was 
misidentified, resulting in misplacement of the contact at 
the land surface by as much as one - half mile (Schindel, 
1984). 
The Girkin Formation is the uppermost stratigraphic 
unit that outcrops in Bowling Green. It is typically a 
medium to thickly bedded limestone tha differs little fro. 
the Ste. Genevieve although it may be argillaceous in 
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places. Weller (1927) indicates that the Girkin may 
unconformably overlie the Ste. Genevieve in places. 
Within the study area, the Girkin is preserved only on the 
tops of two residual hills near the center of the city 
locally known as College Hill and Reservoir Hill. 
Hydrogeology 
In well-developed karst terrain the subsurface 
drainage system is so efficient at transmitting runoff that 
surface streams are uncommon. This lack of surface drainage 
common to many karst regions is readily apparent in Bowl i ng 
Green where, except for a few major streams such as the 
Barren River and Drakes Creek, perennially flowing surface 
streams are virtually absent. 
Bowling Green lies within portions of three known karst 
groundwater basins. Lost River, Harris Spring, and Double 
Springs. The Lost River Karst Groundwater Basin is by far 
the larges t and most intensively studied (Figure 14). 
Lost Riyer Karst Groundwater Basin 
The Lost River Groundwater Basin delineated by Lambert 
(1976) and Crawford (1985a), encompasses an rea of 
approximately 55 square miles (142 square k ilometers). 
Twelve percent of the basin lies within the city limits of 
Bowling Green. Dye tracing by Crawford (ibid) h. 
demonstrated that the Lost River begins about twelve miles 
(19 kilometers) south of Bowling Green. 
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The Lost River is, for the most part, a subsurface 
stream. However, it can be v iewed from the surface at 
several points along its course at places where karst 
windows have developed. The most extensive exposure of the 
Lost River occurs at the southern edge of the study area in 
a large type of sinkhole, termed a uvala, formed by the 
collapse of the Lost River Cave. In this uvala, the Lost 
River boils to the surface as a large spring and flows 
northwest for approximately 400 feet (120 meters) before 
flowing into t he entrance to Lost River Cave (Figure 15). 
From this point the Lost River is a totally subsurface 
stream until it finally resurges for the last time at the 
Lost River Rise in the northwest part of the city. From 
t he Rise, the Lost River flows on the surface for 
approximately 600 feet (l80 meters) to join Jennings Creek 
which is a tributary of Barren Ri ver, a major waterway of 
the area . 
Cave Mappi ng 
From 1985 to 1988, the Center for Cave and Karst 
Studies of Western Kentucky University, in a joint project 
with the Green River Grotto of the Notionsl Speleological 
Society (NSS) was involved in an intensive cave mapping 
program in Bowling Green. As of December, 1986, the Lost 
River Cave System totals over 6.5 miles (10.5 kilomet rs) 
of mapped passage. In addition, a total of more than 12 
miles (19 k ilometers ) of cave passage has been charted 
Fiqure 15. Main ntrance to Lost River Cav , 
County, Bowling Gre n, Kentucky. 
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beneath the city much of wh ich is shown in Figure 16. 
Unfortunately, as of the date of this report, a data 
gap of several miles (kilometers) exists between the 
farthest downstream known portion of the Lost River Cave, 
the Alexander section, and the resurgence at the Lost River 
Rise. Although the downstream section of Lost River Cave 
may never be entered by humans, a combination of dye 
traCing, water table measurements, topographic analysis, 
and microgravimetric techniques have allowed the 
delineation of the hypothesized route of the present and 
paleo Lost River (Figure 17) (Stroud, Gilbert, Powell, 
Crawford, Rigatti, and Johnson, 1986). 
State 
Bowling 
Trooper Cave and Lampkin Park Cave are two r 
Green caves of interest to this investigat i on . 
State Trooper Cave is located in the southwestern portion 
of the study area (Figure 16). As of 1986, a total of 
4,963 feet (1,513 meters) of State Trooper Cave have been 
explored and mapped (Bogle, 1988). Dye traCing has 
demonstrated that State Trooper Cave is hydrologically 
connected to the Lost River. Happing has shown that the 
cave terminates at the Lost River uvala very close to the 
entrance to Lost River Cave. Lampkin Park Cave is believed 
to be a paleo-section of the Lost River Cav (Figure 18). 
It has a surveyed length of approximately 500 feet (150 
meters) and lies about 30 feet (9 meters) above present 
base level (Shafatall, 1984). The cave ha. two entr nce. 
which lie about 200 feet (60 meters) apart. 
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Chemical fume Problems 
Bowling Green has been plagued by recurring episodes of 
chemical fume problems. Crawford (1984) reported that in 
1969, several Bowing Green residents had to be evacuated 
from their homes due to explosive levels of chemical 
fumes. Since that time, several epiaodes of fume problems 
have occurred in various areas of the c i ty. 
forest Park 
The most recent serious episode of fume problema in the 
study area occurred in the forest Park neighborhood located 
in the northwestern part of the city. Crawford (1984) 
reported that as of August, 1984, five houaes in this area 
had fumes either in basements or crawl apaces. H noted 
that in addition, several residenta had reported fumes 
entering their homes through open windows or had smelled a 
heavy chemical odor outside their houses. Crawford alao 
noted that fumes were known to isaue from several drainage 
wells, improved sinkhole drains, and sinkholes in the area. 
In response to the forest Park problem, the Centera for 
Disease Control issued a health advisory for Bowling Green 
in March of 1985. This action cleared the way for the 
United States Environmental Protection Agency (EPA) to 
respond to the problem in April of 1985 (Stroud, Gilbert, 
Powell, Crawford, Rigatti, and Johnson, ibid). 
The emergency action reoulted in an intense effort to 
find the source of the fumes. It was hypothes ized that 
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contaminants trapped in caves beneath the city may 
contribute to the problem . Thus, a major effort of the 
investigation was to find a route into the downstreaa 
portion of the Lost River Cave System which vas though to 
pass beneath the Forest Park area. 
An innovative technique, smoke tracing, vas employed 
during the investigation in an attempt to deteraine direct 
air-to-air connections between the surface and subsurface 
(Stroud, Gilbert, Powell, Crawford, Rigatti, and Johnson, 
ibid). In this smoke trace, a nontoxic smoke vas generated 
and forced by high pressure fans into the entrance of a 
shallow cave that was known to be the source of heavy fuae 
emissions . After a prolonged period of smoke injection, 
reconnaissance of the area revealed smoke coming to the 
surface around the foundation of a house. Streams of sacke 
were also observed issuing from the ground at several 
locations in the vicinity of the injection point. More 
remarkable vas the discovery of amoke issuing frca 8 
drainage well over 300 yards (275 metera) distance fro. the 
point of smoke injection. 
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CHAPTER IV 
RESEARCH DESIGN 
Testing the Hypotheses 
The stated hypotheses were tested by monitoring radon 
gas and radon daughter concentrations in caves, homes, And 
other buildings within the study area. A comparison of 
radon levels was made between the various categories of 
buildings. The results were also compared to the findings 
of other radon studies as reported in the literature. 
Testing Hypothesis One 
Hypothesis one was tested by conducting measurements of 
radon daughters in the Lost River Cave System and other 
caves within the study area. If the average radon daughter 
concentrations were determi ned to be in excess of 0.30 WL, 
hypothesis one was to be accepted. 
Testing Hypothesis Two 
Hypothesis two was tested by conducting a systematic 
screening of residences in the study area. If Average 
residential radon concentrations were found to be 
significantly higher than the estimated national average of 
2.8 pCill estimated by the EPA (1987), hypothesis two va. 
to be accepted. 
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Testing Hypothesis Three 
Hypothesis three was tested by comparing the percentage 
of homes in the screening survey that equalled or exceeded 
4 pCi/1 with the national average of 8 to 1n estimated by 
the EPA (1987). If the percentage of homes in the study 
area that equal or exceed 4 pCi/1 was found to be 
significantly higher than the estimated national average, 
hypothesis three was to be accepted. 
Testing Hypothesis Four 
Hypothesis four was 
measurements in buildings 
tested by conducting radon 
which are known to have had 
recurring chemical fume problems. If the average radon 
concentration for this group was found to be significantly 
higher than the overall average for the study area, then 
hypothesis four was to be accepted . 
SamPling DeSign 
Several approaches may be taken in designing a sampling 
plan. Each sampling design has advantages and 
din advantages which are largely dependent on the population 
being sampled. Sample designs usually are roughly divid d 
into two prinCipal categories, random designs and 
systematic designs. 
In a random design, each sample point is designated by 
a random selection process. Each member of the available 
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population has an equal chance of being selected each time 
a sample point is selected. A drawback with random 
sampling however, is that this technique tends to generate 
clu8ters of sample points. This clustering results i n 
uneven areal coverage, thus making spatial trends more 
difficult to detect (Berry and Baker, 1969). 
In a systematic sample deSign, the initial sample point 
is chosen randomly with all subsequent points deterained by 
some fixed interval. The systematic design insures ev n 
and complete areal coverage; however, should hidden 
periodicities exist in the population, the systematic 
design can lead to serious bias in the data. 
In this investigation, it was desired to have full 
coverage of the study area but still maintain a degree of 
randomness in the sample. Therefore, a sample plan that 
draws elements from both the random and systematic designs 
was necessary. To satisfy this criteria, th Stratified, 
Systematic, Unaligned Sample Design (SSU) deacribed by 
Berry and Baker ( i b id) was chosen. 
An SSU sample is generated by dividing the area to be 
sampled into a grid of rows and columns of a selected 
size. A random point is then e8tablished in the first 
quadrant of the gri d, de8 ignated point Al. The X 
coordinate of 
other point 
point in the 
Al i8 u8ed to fix the X coordinate of every 
in the first row of quadrants; however, each 
first row is aS8 i gned a random Y coordinate. 
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The result is a row of points all having constant X 
coordinates and random Y coordinates. In the first column, 
the Y coordinate of Al is used to fix the Y coordinate for 
each quadrant of the column. Each point in the first 
column is assigned a random X coordinate however. All 
remaining points of the sample are fixed by the random X 
and Y coordinates in their respective rows and col umn •. 
The sampling plan for Bowling Green, Kentucky, wa. 
generated by first superimposing a grid upon a map of th 
city. An arbitrary quadrant size of 2,000 by 2,000 feet 
was chosen based upon the maximum number of samples 
possible given available resources. Once constructed, 
approximately 200 quadrants fell partially or fully within 
the boundaries of the city, yielding a potential s_ple 
size of 200 points. Specific sample points in each 
quadrant were determined using the prescribed SSU method 
(Figure 19). 
Upon inspection it was determined that not e very 
quadrant had a house within ita boundaries . Also, i n many 
cases, the nearest building that could potentially be 
sampled was separated from the established sample point by 
several hundred feet. TO overcome these problems, it was 
dec i ded that in the absence of a suitable sample location 
at the specified point, the nearest house within a radius 
of 1,000 feet from the predetermined sample point would be 
accepted regardless of whether the building was within the 
quadrant being sampled. 
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Once the approximate locations of all sample points was 
established, Bowling Green residents were contacted and 
asked to participate in the study. If a resident was 
willing to have his or her home sampled, he or she was 
given a charcoal canister, instruction sheet, and a short 
quest ionnaire requesting general physical information about 
the building and the conditions that existed during the 
testing period. In many instances, a resident was willing 
to have his or her home tested but preferred to have the 
invest i gator handle the detector . In these cases, the 
author or a representative thereof exposed the canister and 
came back 48 hours later to seal and retrieve it. 
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CHAPTER V 
RESULTS AND DISCUSSION 
Results of Radon Testing in Caves 
Sampling in caves was greatly curtailed due to 
unexpected events which made it necessary to utilize 
electronic components, originally intended for use in 
testing caves, to analyze charcoal canisters. Although 
weekly sampling of caves was not c arried out as planned, a 
total of 21 radon daughter measurements were conducted in 
the Lost River and Bertha section of the Lost River System, 
in Lampkin Park Cave, and in State Trooper Cave. 
The results of working level measurements in caves 
reveals that radon daughter concentrations in Bowling Green 
caves are sometimes extremely elevated and undergo 
considerable fluctuation (Table 12). 
First Sample Event - May 21. 1987 
The first radon daughter measurements w re conducted 
on May 21, 1987. This event consisted of a total of eight 
taken from three caves. Two samples taken less samples 
than 100 feet (30 meters) inside the main entrance to Lost 
River Cave yielded 5.36 and 5.41 WL (Figure 16). Three 
samples were taken in Bertha Cave (Figure 16). The first 
measurement was made about 300 hundred feet (90 meters) 
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TABLE 12 
WORXING LEVEL MEASUREMENTS 
FOR BOWLING GREEN CAVES TESTED DURING INVESTIGATION 
Date Cave Location WL 
05/21/87 Lost River 50 Feet Inside 5.36 
the Main Entrance 
05/21/87 Lost River Side Passaqe 30 Feet 5.41 
Inside Main Entrance 
10/06/87 Lost River 50 Feet Inside the 0.01 
Main Entrance 
10/08/87 Lost River 50 Feet Inside the 0.02 
Main Entrance 
03/02/88 Lost River Small Hole Entrance 0.65 
at River Level 
05/21/87 Bertha Cave Ultimate Scrunqe Room 2.58 
05/21/87 Bertha Cave At the Base of the 2.06 
Entrance Slope 
05/21 / 87 Bertha Cave Just Inside the 1.24 
Bertha Entrance 
10/08/87 Bertha Cave Just Inside the 0.35 
Bertha Entrance 
lO /08/87 Bertha Cave At the Junctiion with 0. 35 
the Pot ter Pass qe 
10/08/87 Bertha Cave Room at Junction With 0.03 
Ultimate Scrunqe 
03/02/88 Bertha Cave Just Inside 0.42 
Bertha Entracne 
05/21/87 L!U1lpkin Park Just Outs i de West 0.43 
Entrance 
05/21/87 L!U1lpkin Park Point "A" Beqinninq 3.36 
of Back Section· 
05/21/87 LllJllpkin Park Point "B" at Back 4.68 
of Cave -
8 5 
TABLE 12 CONTINUED 
WORKING LEVEL MEASUREMENTS 
FOR BOWLING GREEN CAVES TESTED DURING INVESTIGATION 
Date Cave Location WL 
08/17/87 Lampkin Park Point "C" at Back 5.15 
of Cave" 
08/17/87 Lampkin Park Point "B " at Back 4 .80 
of Cave· 
08/18/87 Lampkin Park Just Inside East 0 . 39 
Entrance 
10/08/87 Lampkin Park Point "B" Back Room· 0.04 
10/08/87 Lampkin Park Point "B" Back Room· 0.03 
10/06/87 State Trooper Just Inside Main 0.01 
Entrance 
" Refer to Figure 20. 
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inside 
known 
sample 
taken 
the 
the cave in a large room where a small side passage 
as the Ultimate Scunge joins the main cave. Thi. 
me asured 2 .58 WL. The second Bertha sample vas 
approximate l y 100 feet (30 meters) into the cave t 
base 
the cave . 
recorded 
of a breakdown slope leading to the entrance of 
Here the radon daughter concentration va. 
to be 2.06 WL. The third measurement, just inside 
the entrance of the cave was 1.24 WL. 
Initially it was thought that the radon daughter 
concentration i n Lampkin Park Cave would be relatively low 
due to ventilation resulting from the cave's relative~y 
shallov depth and because it i8 8mall in size and has two 
large entrance8 located i n clo8e proximity to one another. 
However, 
registered 
taken in 
a grab 8ample taken juwt outside the vest entrance 
a surprising 0.43 WL (Figure 20). Two samples 
the back section of the cave at points A and B 
resulted in radon daughter concentrations of 3.36 WL, and 
4 . 8 WL, respectively. 
Second Sampling Event - August 17-18, 1987 
A second sampling event, limited to Lampkin Park Cave, 
occurred on August 17, 1987. Two samples were taken during 
this event (Figure 20). The first sample vas taken near 
the terminus of the cave at point C. The .econd sample vas 
taken at point B. Analysis of the sample. resulted in 
radon daughter concentrations of 5.15 and 4.80 WL 
W..,s t 
I nt r ~tnl-'~ 
Figure 20 . Location ot radon da ughter m a eur m n~ 
point. within Lampk i n Park Cava. 
Source, Modil i d fro. SchafsLa}} (J984). 
1\ .Il 
, , 
I •• I 
~ 
-, 
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respectively. On August 18th, 0.39 WL was recorded just 
inside the east entrance. 
Third Sampling Event - October 8. 1987 
Work ing Level measurements made on October 8, 1987, 
yielded sharply different results from former sampl i ng 
events. On this event, one sample was taken from Lost 
River , Bertha and two samples were taken from Lampkin Park 
Cave. Just inside the entrance of Bertha Cave the radon 
daughter concentration was 0.68 WL. The samples taken i n 
Lampkin Park Cave, at points A and B, resu l ted i n 0.04 and 
0.03 WL where previously radon daughter measurements of 
4.68 and 4.80 WL had been recorded (Figure 20 ). 
Fourth Sampling Event - Harch 2. 1988 
On Harch 2, 1988, 0.42 WL was recorded inside the 
entrance of Bertha Cave. A sample was also taken at the 
Small Hole Entrance 
entrance to Bertha 
Entrance, the cave 
to Lost River Cave, located near the 
Cave, (Figure 16). At the Sm 11 Hole 
is accessed via a steep climb through 
breakdown to the Lost River. A sample taken at river-level 
resulted in 0.65 WL. 
A sample also was taken in State Trooper Cave. This 
cave had previously been closed to caving because of fumes 
encountered there by Center for Cave and Karst Studies 
personnel in 1987 (Smith , 1987 pers corom). This sample was 
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taken a few feet inside the entrance and was recorded to be 
0.002 WL (F i gure 16) . 
Results of Radon Testing in Buildings 
During 1987, a total of 132 charcoal canisters were 
exposed in 113 homes and other buildings within the study 
area. Eighty-four measurements were conducted in homes 
that were tested 
residential radon 
in order to establish a working average 
level for the city. This group will be 
referred to as 
were performed 
fume problems. 
II. A total 
Category I. Twelve screening measurements 
in structures having a history of ch .... ical 
This group will be referred to as Category 
of 17 of the tests had to be discarded as 
unusable for various reasons inch;ding, canisters bei.ng 
closed at the wrong time or at an unknown time or being 
dropped and spilled. The results of the remaini ng tests do 
not appear in this thesis. They were performed as a 
courtesy to various people, or to study the effect. of 
ventilation techniques and radon rebound rates . 
Participants in the study were a •• ured that th ir 
identity would remain confidential; therefore their naaes 
and addresses will not appear in this thesis. In.tead, 
test results will be referred to by their overall nuaerical 
rank within their respective categories. 
Overall, the radon concentration for Category I ranged 
from 0.1 pCi/l to 123.38 pCi/l (Table 13). The su.aary 
statistics for Categories I and II appe r in Table 14. The 
TABLE 13 
DATA SUKKARf fOR BOVLIJIC CUD CAT1!GQR, I SMPLI 
.. nk Dot. I pCi/l Placement .... Conat.r • Undftr 110. ". Inaulation Venta or Windova BId. rla. Cat. Cat. 
•• • .t 0 1 OS/1]/l7 123.31 e ..... nt 
· 
5tone .. t , • ',J no · , .. 
01 OS/llJI7 n." !.as_tit 
· 
erick • n 1 , I, , no 
· 
... 
OJ as/UIl7 41. 76 a •• eaenl 
· 
Alld .. t , • 1,2,) , .. · , .. 
O. 05/1t/11 32.]7 au_at 
· 
St_ •• t 1 • , .. 
0. 05/n/17 32.16 ...... ftl 
· 
ltone B.t 1 • U&,2 no · no 
O' os/n/l" n.Sl e •• _lll · 
07 05/19/17 H.1l ...... nt. 
· 
8r4k •• t 1 J , no · , .. 
01 12102/11 25 .11 ...... rat 
· 
Iton. lot 1 • 1,2,) no · ... 
O' Otl17/17 25. 153 rirat. rl ,y" 
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, 
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· · 
, .. 
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, .. 
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YO. 
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<>pon Vent Pan 
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, .. 
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· 
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· 
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· 
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· 
, .. 
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· 
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TABU 11 C'OHTIMUID 
DATA SOMKAJtl FOR BOWLIllC CUZ. CA'I"!ORI 1 SAKPU 
.. nt I DU. pCl/l Pl aceeent 
"""'" 
Conlltr. Onder 110. ". Inllulat, lon Vent. or windows Open Vent ran On ald. rla. Cat. Cat. 
• t. Io Att ic Ly . B.t • Att ic 
" 
05111117 11.1 0 IInement. 
-
Other Bn 2 • no - ,eo 
2. OS/llIl7 11.05 r i rat, rl Brid. Clop 1 , 
- "'. 
, .. no 
-
no 
21 05 / 19 /11 10.n ,<rot Pl .. n Brid. Clop 1 2 Ul,:Z,UJ. 
-
no no no 
- -
>2 05 /13/17 t . n pun Pl Ly" 1I1ock Slab , 1 
- -
no no 
- -
2l t.lt 
24 1.17 
2S 05 /13/17 7.11 , i nt '1 
,. 07/21117 S.ts kll_nt 
-
. , Sd B.t 1 • 1 no - ,.. no -
21 0511"11 S.lt --rirat. Pl ..... IIr Lck Chp 1 , 1,2 
- YO' yo. yo. - -
2. 05nU17 5 . 71 Unt Fl .y" Other Cl.p 1 • 1, 2 - , .. YO' no - no 
21 OSIU"7 S.H , i nt. rl Ir Ld . Clap 2 1,2, 1 
-
, .. , .. , .. 
-
, .. 
,. 05113117 5.00 Fi rat. rl e-
II 05,/ 19117 ' .71 ea._nt - arid e.t 2 , 1 YO' - - "'. - -
12 05 / 12 / 1 7 • • U Pi rat. '1 ... no !Ir ick Clap 1 ] 1,1,1 
-
y •• , .. no 
- YO' 
II '.10 
" 
07/20/.7 • • SS , irn ' 1 Il"lek Cl .. 1 ] I ,' - , .. , .. no - -
" 
07 /22117 '.il , ... ...,.t. - kIck .. , 1 ] I,' no - "'. no - -
" 
07/2 1117 ' .5' 8a._nt. - ....... en 1 ] 1,2 yo. - , .. no - , .. 
'tABLE 13 COIfTllnJ!O 
DAl'A SUMART I"OR 80VLIMC GRI..tM CATZGORJ t SAMPLE 
R .. k Due pCl/l phCM!lent 
--
Con.tr. onde, 110. 
-.. tn.uhtion Vente or w1.ndowe; Open Vent ran On BId. rla. C.t . Cat. 
OOt. Al < .. •• e • • 
-
tl< 
11 0S-/111l1 4 .41 rirat rl L' ... Other Clap 1 • Ul-f',UI. -
'" 
Y'" no - -
3. OS-/1UI1 4 .27 Firat rJ Do ... 
30 OS/I'/11 4.14 rirat rJ 
"""" 
--
Clap 1 1 1,2 
-
, .. , .. no 
- -
•• OS/l"" 1.1S ..... _nt - 8ric k Oat 2 3 1,2 f 1 no - ,0' , .. - yo. 
U OS/1UI1 3. Sot r irat rJ Bdro arlrk Clapp 1 3 1,2 
-
, .. YO. no - -
U 07/20/11 1.20 r1.rct rJ •• 11 Briek .,ob 1 3 2 - - no no - no 
" 
07/20/11 1.20 r Uat rJ .... Brick Oat 1 • 1,2 no - yo. , .. - ,0' 
U 01111/11 3.14 r irat rJ 
.. 11/11/11 2.11 r lrat rJ .... 
--
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'" 
, .. no 
- -
" 
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-
--
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-
,aa YO' - -
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--
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-
no 
'" 
no 
- ,0' 
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"""" 
kirk Clap 1 • 1,2 -
'" '" 
no 
- -
.. OS/14/11 1.U Fir.t. rJ ar1.ck Clap 2 2 1,2,] no , .. yo • 
.. 01/20/17 l.n Firat rl _rick Clap 1 2 1,2 
-
"" 
yo. no 
-
, .. 
" 
01/21/17 I.U B .. __ nt. 
-
Ot.h.r o.t , • no 
•• OS/UII7 .... Firat PI - Other 
Clap , 1 1,2 
-
yo. 
'" 
yo. 
- -
TABLI 13 CONTINUED 
DATA SUtue.\Rt FOR BOWLJIfC CUIIt CATIOORt 1 SAKPLa 
Rank Date pCL/l Pla~nt 
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Conat.r. Onder 110. Ag. Inaulation Vaftt.a 0' _iftdova Open Vent. ran On 
BId. rla. Cat.. Cat.. 
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· 
0 
" 
05/11111 o.n Fi rat 
'1 Oth.r Chp 1 , · Y·· ... .- 0 · 
1> 05/Ulll .... r irat 
" 
..... Brick Cl ... I , 1,2. ) 0 ... Y" Y" 0 no 
""". 
Dtte 
13 OS/12/17 
74 OS/14/17 
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,. 05/J0/17 
" 
05/11117 
11 OS/12/.7 
10 OS/12/17 
I. 05120/17 
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l!!!!!!U 
ad .. - a.d.raoa. 
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pCi/l 
o.n 
0.S7 
0.S4 
0.49 
O. CS 
0.41 
0.40 
D.n 
o.n 
0.)) 
O.ll 
'. 14 
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Z ... At~c or Cei11nt ) ..... n ,1001' 
under 
Bld. 
ehp 
Clap 
oat 
..t 
Clap 
Clap 
Clap 
11 ... 
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-
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-
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• 1.' no - no 
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TABLE 14 
Summary Statistics for Categories I and II 
Catagory Mean Median 
(pCi/l) (pCi/l) 
I 9.06 3 . 20 
IA 4.73 2.63 
IB 22.92 12 . 52 
II 35.15 16.64 
IIA 29.75 12.42 
IIB 57.40 27.75 
I Mean Sample for Study Area 
IA Category I Pirst Ploors 
IB Category I Basements 
II Buildings With History of 
Chemical Pume Problems 
IIA Category II Pirst Ploors 
lIB Category II Basements 
Number Percent 
>4 pCi/l 
84 47.6 
64 35.9 
20 85.0 
12 69.0 
7 57.0 
5 100.0 
96 
average for Category I was 9.06 pCi/l and the median was 
3.20 pCi/l. Sixty-four of the Category lme eurementa were 
carried out on the first floors of houses without 
basements. The sample mean and median for this gro p, 
designated Category lA, was 4 .73 and 2.63 pCi/1 
respectively, and ranged from 0 . 14 to 25.63 pCi/1 (Table 
14) . The remaini ng twenty Category I tests were conducted 
i n basements . This group, Category IB, averaged 22.92 
pCi/1 with a median of 12 .52 pCi/l. Category IB values 
ranged from 2.47 to 123. 38 pCi/l. 
The average for Category II homes, those with a 
history o f chemical fume problems, was 35 . 15 pCi/l (Tables 
14 and 15). The median for Category II was 16.64 pCi/l of 
radon gas. Category IIA samples averaged 29 . 75 pCi/1 while 
Category lIB averaged 57.40 pCi/l. 
Discussion of Results 
Cayes 
It is readily apparent from inspection of the 
available data that the radon daughter conce ntrations 
within Lost River, Bertha, and Lampkin Park Caves, can be 
extremely high (Table 12) . It is also apparent that the 
radon daughter concentrations in the caves are subject to 
conSiderable fluctuation. 
In the literature it is Buggested that radon/radon 
progeny concentrations in caves display a aarked 
seasonality. Levels tend to be elevat ed during Bummer and 
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relatively lower dur i ng t he winter months. Radon gas and 
radon daughter conce ntrati ons f luctua te greatly d ur i ng the 
transition seasons of s pring a nd fall because of greater 
fluctuat i on of outs i de temperature . 
Insufficie nt dat a was collected during this study to 
determine whethe r radon d aughter concentrations in Bowling 
Green caves exhi bi t s easonal fluctuation. However, it can 
be noted that the h i ghest radon daughter concentrations 
wer recorded during the Hay and August sample events while 
October and March were much lower. 
Resident i a l Radon Leve l s 
Overall, the average rado n gas concentration for 
Category II was over four t imes h i gh9r t han the average for 
Category I (Figure 21 ). Mor eover, t he a verage r adon 
cOllcentration for Category IIA (f i rst floors) e xc e e d s the 
average for Category IB (basements) . 
These tes t resu l t s suggest that some factor is 
i nfluenCing radon levels i n Category I I ho u s e s t ha t is not 
pro s e nt i n Catagory I or which has a smal ler effect o n 
Category I buildings . As noted previous l y, studi es o f 
chemical fume problems i n the Bowling Green area by 
Crawf ord (Cr awford, 1984) have repeatedly demonstrated that 
buildi ngs plagued wi th intermi ttent fume problems o f ten 
have a direct air-to-air connection to the subsurface v i a 
solutionally enlarged openings in the bedrock. Since the 
s ubsurface atmosphere is known to have elevated 
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radon gas, these solutional openings may 
of radon laden air to buildings (Figure 
from this investigation supports this 
as previously noted, the average radon 
houses within the study area with a 
problems is three times higher than those 
without a history of such problems. 
Comparison With EPA Results for Kentucky 
In 1987, the EPA sponsored a statewide radon screening 
surveys of seven sta~es including Kentucky. These data 
became available to the author in 1987 (Nodler, 1987, pers 
comm) 
The statewide survey involved 879 homes and 117 
counties. Heavily populated areas of the state were 
sampled more intensively than sparsely settled regions. 
For example, Jeffe=son County, a highly populated area, 
received 125 samples while some counties, such as Adair and 
Harlan, had only one home tested. Furthermore, three 
Kentucky counties were not sampl d. Comparison of data 
obtained during the Bowling Green investigation with the 
state survey data indicates a striking difference in both 
average radon concentration and percentage of hom 8 at or 
above 4 pCi/l. 
Comparison of the data for Kentucky obtained during 
the EPA sponsored screening with data for Bowling Gr en 
Category I suggests that the study area has higher average 
:c:U({d::i':' . :.~::. IJ \t ~i~~:;':':'k:~' 
~ 
CAVE 
-
~ 
..1. 
'-
Figure 22 . Generaliz d diagram d picting possibl source of 
radon entry into build i ngs . Radon rises through 
8olutionally nlacged joints, bedding plan B, and 
Boil. 
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residential levels and a greater percentage of residences 
testing above 4 pCifl that the State as a whole (Figure 
23). Statewide, 83% of the homes tested were below 4 pCifl 
compared to 54% for the study area. Sixteen percent of the 
houses tested atatewide and 33\ of the Bowling Green test 
results fall into the 4 to 20 pCifl range. For Kentucky, 
less than 1 percent of the houses tested were above 20 
pCifl while in Bowling Green 13' of the houses tested were 
above the 20 pCifl mark. 
Th.e State survey included 25 Warren County homes . 
Fifteen of these (60') tested above 4 pCifl (Table 9). 
Three of the six highest values recorded for the entire 
state were obtained in Warren County (Figure 3) . 
Compari80n with Other EPA State SUrveys 
Bowling Green also displayes higher average radon 
levels and a greater percentage of measurements above 
4pCifl than other states screened during the 1981 EPA 
survey (EPA 1981). In the 1981 EPA survey, Colorado 
displayed both had the highest average residential radon 
level and the greate8t percentage of home8 testing at or 
above 4 pCifI. In Colorado , 39\ of the homes tested at or 
.. bove 4 pCifl compared to 46\ for the study area (Figure 
24). 
The 1988 EPA survey focused on midwe8t states (EPA, 
1988) . Overall, thi8 survey yielded higher average radon 
levels and greater percentages of homes testing above 4 
JO) 
OMP RI 0 OF BOWLI G GREE. 
TO TATEWIDE CREE NING 
100 
, _ Ken ucky _ B. ve:] 
(f) 
....... 0 C 
Q) 
E 
Q) 
I-
::J 60 (f) 
0 
Q) 
-0 40 
......, 
c 
Q) 
u 
Qj 20 CL 
o 
less 4 4 0 20 greo er 20 
Radon Cone n ra ion in Ci 
rigUl 23. Comporison of Buwling Green 0 
EPA Stot wide Screening Survey. 
Source: U.S. EPA, 1987. 
104 
COMPARI ON OF BOWLING GREE N 
TO EPA TEN STATE SCREENI G 
, 
BG i- a I 
(3'co ~ 
C> I 
m 
'--/ WI 
c 
l- I 
Q) wy Q) 
~ 
I-- I 
C) KS 
01 
I-- I 
c RI 
~ 
l- I 
0 CT m 
l-
~ KY 0 I-- 1 
Q) TN 
-+-' 
0 
~ -] 
-+-' 
(J) l-
AL I- I 
I I I I 
o 10 20 30 40 50 
Percent Measurements Grea er 4 pCi/1 
Figur 24. Comparison of Bowling Green Cot. I 
to EPA Ten State Screening 
Source: U.S. EPA, 1987. 
105 
pCifl than the previous EPA survey (Figure 25). However, 
of the seven states, only North Dakota had a higher 
percentage of homes at or above 4 pCifl, at 63\, than d ld 
the study area. The average reSidential radon 
concentration for Bowling Green, 9 pClfl, was hlgher than 
the average determined for North Dakota of 7 pCifl (Table 
9). Five houses of the 11,000 tested during the EPA 
survey, had measured radon levels ln excess of 100 pCifl 
(Table 10). Overall, the Bowling Green sample yielded 5 
houses with radon levels in excess of the 100 pCifl mark. 
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CHAPTER VI 
CONSIDERATION OF HYPOTHESES AND CONCLUSIONS 
Consideration of Hypotheses 
Hypothesis One Considered 
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Hypothesis one stated that the average radon daughter 
concentrations in Bowling Green caves are in excess of 
0.30 WL. The results of radon daughter measurements in 
the caves of the study area, though limited, do conflra 
that the caves at times have exceedingly high radon 
daughter concentrations. Several of the measurements were 
as much as 15 times greater than the 0 . 30 WL concentration 
at which the EPA and OSHA rpquires routine monitoring of 
occupational environments and maintenance of worker health 
records. Given these results, hypothesis one is accepted. 
Hypothesis Two Considered 
Comparison of the results from th Bowling Green study 
with the results of a statewide screening conducted by EPA 
indicates that the average reSidential radon level for th 
study area exceeds the statewide average of 2.8 pCl/l. 
The state survey results for Warren County support this 
hypothesis also. Therefore hypothesis two is accepted. 
The average residential radon level for Bowling Green, 
Kentucky is higher than the overall state average of 2.8 
pCi/l obtained by the EPA (1987). 
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Hypothesis Three Considered 
Hypothesis three stated that the percentage of houses 
in the study area that equal or exceed 4 pCi/1 is 
significantly 
17 percent 
estimated by 
higher than the estimated state average of 
a nd the national average of 8 to 12 percent 
the EPA (1987) . Overall, 46\ of the Bowl ing 
tested equalled or exceeded 4 pCi/l; Green homes 
therefore, hypothes is three is accepted . 
Hypothesis Four Considered 
Hypothes is four stated 
for Bowling Green buildings 
that the average radon level 
with a history of chemical 
fume 
the 
that 
contamination 
overall average 
the data base 
problems 
for the 
is significantly higher than 
city. The author sugg sts 
for fume houses, Category II, is no 
suff i cient to make a def i nitive comparison although the 
average radon concentration fo r this category was three 
times greater than that of houses i n Cagetory I _ 35 . 5 
pCi/1 compared to 9.06 pCi/l . Therefore, hypothesis four 
cannot be accepted or rejected wi thout further study . 
CONCLUSIONS 
The purpose of this thes is was to investigate radon 
contamination in Bowling Green, Kentucky and its 
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association with the karst landscape. The results have 
demonstrate that radon daughter concentrations in Bowling 
Green caves are sometime exceedingly high. The results of 
this study also shows that residential radon 
concentrations in Bowling Green are higher than in many 
other areas that have been investigated. 
Although this study was limited in geographic scope, 
it was conducted in an area that is part of a much larger 
karst region. To date, karst areas have largely been 
ranked low as potential residential radon problem areas. 
The author suggests that residential radon contamination 
in karst regions should receive more attention than it has 
been previously afforded. Residents of these areas are 
faced with hazards specific to these reglons. The results 
of this investigation indicates that residential radon 
contamination should be added to the list of environmental 
hazards in karst regions. 
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